Abstract-Efficiency is an important performance measure for dc-dc converters. Its measurement can be extremely difficult when the dc-dc converter is highly efficient and the power loss is extremely low. The input and the output waveforms of a high frequency dc-dc converter may have high frequency components superimposed on the dc components. This further complicates the measurement process as some digital instruments tend to misbehave. Calorimetry method has been previously proposed as an alternative and indirect power loss measurement method. This paper proposes an improved calorimetry method which is capable of resolving the power loss below 2 mW. The method is demonstrated for a single-cell maximum power point tracker with a power rating of 650 mW. The experimental results confirm that the device under test presents a power loss of 24 mW ± 1.3 mW and the converter achieves an efficiency of 96.2% ± 0.2%.
I. INTRODUCTION
One important task in the evaluation of the performances of the power electronic converters is to establish the overall power loss or power conversion efficiency. However, the efficiency measurement of high performance power electronic converters becomes increasingly difficult as the converter efficiency rises. The error in the power loss measurement is the sum of the errors in the input and the output power measurements. As the efficiency rises, the power losses fall and the percentage error in the power loss measurement increases. In addition, the converter input and output waveforms may contain high frequency components, which may lead to power transfer and further complicate the power loss measurement process. Some digital instruments may misbehave under these circumstances.
In a study of the Maximum Power Point Tracking (MPPT) hardware design for vehicle solar array applications, the power loss measurement task became onerous. In this study, a maximum power point tracker targeting at the single solar cell level has been proposed to obtain excellent power tracking performances [1] - [3] . The small and cost effective maximum power point tracker is capable of being integrated with a single high performance GaAs triple junction cell [4] . Since the vehicle mounted cells can travel through the alternating light and shaded sections very quickly, significant efforts have been made to secure a fast power tracking response to the rapidly changing insolation conditions, preferably within a few milliseconds. The design of the maximum power point tracker also demands a high power conversion efficiency or a low power loss since the converter power rating falls in the milliwatt range. An estimation of the total power loss is around 20 mW for the 650-mW converter and this needs to be validated by experimental measurement. The extremely low power loss creates a further challenge in the power loss measurement. A highly accurate measurement method must be employed to complete the task.
In the design of the maximum power tracker, an inductorless buck converter topology was selected in order to optimize the size of the individual device. The circuit diagram is shown in Fig. 1 . However, this design further complicates the power loss measurement as significant switching frequency components will be present in the output voltage and current waveforms and a significant amount of power may be transferred to the load at frequencies other than dc.
Calorimetry has been widely accepted as an alternative and indirect power loss measurement method for converters and rotating machines [5]- [10] . This paper proposes an improved calorimetry method which is capable of resolving power losses below 2 mW. The experimental setup is studied in detail and the important design considerations are discussed. Finally, the power loss measurement data for a maximum power point tracker with 650-mW power rating are provided. The experimental results confirm that the device under test has achieved a power loss of 24 mW and the measurement accuracy is ±1.3 mW. Under an input power of 652 mW, this is equivalent to a power conversion efficiency of 96.2% ± 0.2%.
II. FUNDATMENTAL CALORIMETRY METHOD
Fundamental calorimetry method has been previously proposed as an accurate measurement method for the power loss in efficient dc-dc converters, as the determination of the power loss is extremely difficult simply from the converter input and output measurements. When measuring the power loss of high frequency dc-dc converters, some digital Fig. 1 . Inductorless Buck Converter instruments will misbehave due to the high frequency components in the converter input and/or output and accurate results cannot be obtained. Calorimetry method provides an indirect power loss measurement method and it can achieve a significantly higher measurement accuracy. The measurement must be conducted in a closed insulated container. Other devices installed inside the container include:
• A fan, which is used to stir the air inside so that the thermal equilibrium can be reached faster and no hot spot exists, • Several temperature sensors, such as National Semiconductor LM35 [11] , which are used to measure the temperatures of different spots inside the container, • The device under test, which is the dc-dc converter or the rotating machine, and • A power resistor with the power rating of at least the estimated total loss of the device under test, which is used in the system calibration process.
At least one temperature sensor has to be installed outside to measure the ambient temperature. In order to obtain accurate results, the container must be sealed before the experiment is carried out and the enclosure must remain undisturbed during the entire experiment. The experiment proceeds in two stages: the system calibration stage and the power loss measurement stage.
In the system calibration stage, different input voltages are applied to the power resistor to obtain a range of power consumption values. It is expected that the actual power loss of the device under test will fall within this range. The temperature rise is obtained after thermal equilibrium is reached and by calculating the difference between the average of the stabilized temperatures shown by the inside sensors and the temperature shown by the outside sensor. Data of a series of the temperature rises against the corresponding power inputs are recorded and a linear graph, a straight line for the two variables, can be produced.
The next stage is the actual power loss measurement of the device under test. In this stage, the voltage source is disconnected from the power resistor and applied at the device under test. When the whole system reaches its thermal equilibrium, the temperature rise is recorded. By comparing this temperature rise with the calibration graph, the total power loss of the device can be obtained.
One significant advantage of the calorimetry method is that it does not demand an extremely high insulation resistance for the enclosure. The accuracy of the measurement will not be affected if the enclosure remains undisturbed during the entire experiment. The small amount of the heat transfer will be taken into account when the calibration graph is generated. However, the fluctuation of the ambient temperature does have an adverse effect on the accuracy of the power loss measurement.
III. IMPROVED CALORIMETRY METHOD
Although the fundamental calorimetry method is able to provide a much more accurate power loss measurement for dcdc converters than the conventional voltage and current measurement, it is impossible to measure the extremely low power loss in the 650-mW maximum power point tracker due to the following reasons:
• The variation of the ambient temperature may be significant compared with the temperature rise inside the insulated container.
• The power loss in the fan will be significantly higher than the estimated power loss in the MPPT hardware.
• The temperature sensor LM35 only has a measurement accuracy of 0.5 °C and has a self temperature increase of 0.08 °C. These may be comparable to the temperature rise caused by the estimated power loss of 20 mW in the MPPT hardware.
In the improved calorimetry method, a much more stable environment is required as the accuracy of the calorimetry method is extremely sensitive to the temperature differential between the system under test and the ambient. The improved calorimetry method proposed in this paper conducts the test inside a thermos flask. In this case, the thermos flask does not have to be a perfect insulator as long as the surrounding temperature is constant. In order to maintain the outside temperature constant, the thermos flask is placed inside a polystyrene container with a significant internal thermal mass. In this case, two litres of water, in a plastic bottle, is used. The polystyrene container is additionally protected from temperature fluctuation by placing it inside an environmental chamber. In this experiment, the Contherm 5200RHS environmental chamber is used and its temperature controller has an accuracy of ±0.3 °C [12] . The environmental chamber is also fitted with a 50-mm cable port with good insulators as blocks, which allows the electrical cables from the internal circuits to be connected to the external power supplies, inductive resistive load and data acquisition system. The temperature of the environmental chamber is set to 27 °C in the experiment, which is slightly higher than the room temperature, to avoid the delay of the temperature controller's response when it changes between the heating and the cooling cycles.
In the proposed method, the stirring fan is eliminated and 50 millilitres of transformer oil is used instead. In the thermos flask, the device under test and the temperature sensors are submerged in the transformer oil, which provides good thermal coupling without the stirring power.
One significant modification in the precision calorimetry method is the design of the temperature sensing process. A precise differential temperature measurement circuit made of a Wheatstone bridge consisting of four Pt100 platinum sensing resistors and a chopper-stabilized operational amplifier, MAX430 is employed. Fig. 2 shows the circuit diagram. At the single device quantity, the amplifier MAX430 and the sensing resistor Pt100 respectively cost around $20 and $10 AU [13] . The photo of the temperature measurement circuit is shown in Fig. 3 and this is located outside the chamber. The four sensing resistors in Fig. 2 are located inside the chamber and remotely connected to the circuit board.
In Fig. 2 , R 1 to R 4 are the platinum sensing resistors and these are 100 Ω each at 0 °C [14] . Each resistor has a temperature coefficient of +0.385 Ω/°C. Resistors R 1 and R 2 are located outside the thermos flask, while resistors R 3 and R 4 are located inside the thermos flask and submerged in the transformer oil. This arrangement makes the bridge output only sensitive to the temperature difference between the contents of the thermos flask and the surrounding environment. The output voltage of the bridge circuit has a linear relationship with the temperature difference. The voltage and the differential temperature ratio is 0.193 mV/°C at 0 °C. Since the two of the four resistors in the Wheatstone bridge are placed inside the thermos flask, the power dissipation must be designed to be significantly smaller than the estimated power loss of the device under test. In the arrangement shown in Fig. 2 , the bridge circuit is connected in series with larger resistors so that it can be driven by the 5-V power supply. At 0 °C, a current of 1 mA flows through the bridge circuit and results in a total power dissipation of 50 µW in R 3 and R 4 . The power dissipation will be slightly increased at higher temperatures in the test due to their positive temperature coefficient. The effect of the any power dissipation in R 1 and R 2 will be cancelled by the calibration process. The MAX430 is a precision amplifier and its cost is significantly higher than the standard operational amplifiers. However, the normal operational amplifier has a high temperature coefficient of input voltage offset. For example, National Semiconductor TL081 has an average temperature coefficient of input voltage offset of 10 µV/°C [15] . The temperature variation outside the environmental chamber will cause significant input voltage variation compared with the voltage and the differential temperature ratio of 0.193 mV/°C of the Wheatstone bridge. The MAX430 has only a maximum 50-nV/°C average temperature coefficient of input voltage offset [16] . The maximum input bias current is 100 pA at 25 °C and this has a negligible effect. As the impedance at the amplifier input terminals is around 100 Ω, the voltage due to the bias current is about 10 nV. The amplifier has a differential gain of 1000 or a voltage temperature sensitivity of 193 mV/°C.
In the improved calorimetry method, the resistive load used to obtain the calibration curve must have a low tolerance in order to obtain a highly accurate power loss measurement. In this experiment, a 1-kΩ resistor with 1% tolerance is employed. As an example, the application of 5 V across the resistor results in a well defined 25-mW power dissipation. An observation of the steady state temperature rise provides a single calibration point.
It is worth mentioning that care must be taken when selecting the electrical cables to connect the input and the output terminals of the MPPT device to the external power supply and load. The power dissipation from the cable can be significant compared with the estimated power loss of the MPPT device itself. For example, under an input current of 300 mA and a switching duty ratio of 50%, 10-mΩ input cable resistance and 10-mΩ output cable resistance inside the thermos flask lead to a power dissipation of 4.5 mW. Therefore, thicker cables made of high-conductivity conductors are preferred. The conductors also impact on the thermal conductivity but this is captured by the calibration process. Fig. 4 illustrates the system configuration of the improved calorimetry method. The electrical cables coming out of the environmental chamber connect to the power supply, the load and the data acquisition card. The photos of the laboratory implementations are shown in Figs. 5 and 6. In the improved calorimetry method, the data of the differential voltage output from the temperature sensing circuit shown in Fig. 2 are recorded by the National Instrument LabVIEW system to allow unattended operation [17] . One voltage reading is automatically logged every 15 minutes and a 24-hour period is used to measure the differential voltage of each input power value. Over the 24 hours, the first 21 hours allow the system to reach the thermal equilibrium and 12 data recorded during the last three hours will be used to establish the calibration curve or the power loss of the MPPT hardware. Table I lists the measurement data of the initial offset, the ten calibration points and the MPPT converter. Table II lists the data used in the calibration curve. The input power is calculated from the input voltage on the 1-kΩ resistor and the average differential voltage is obtained by subtracting the average offset voltage from the average measured voltage values. Fig. 7 shows the calibration curve in the calorimetry measurement, where the horizontal axis P loss is the power dissipation in the system and the vertical axis V T is the differential voltage. Error bars representing the positive and the negative errors at the individual calibration points are also shown in Fig. 7 . A maximum differential voltage measurement variation of 16 mV has been observed and this is equivalent to a measurement accuracy is ±1.3 mW. This also corresponds to the accuracy of the thermos flask differential temperature of ±0.08 °C, which is significantly better than that of the LM35.
IV. EXPERIMENTAL RESULTS
Consider the offset value, the average differential voltage when running the MPPT converter is 318 mV. Compared with the calibration curve in Fig. 7 , the results confirm that the MPPT converter has a power loss of 24 mW ± 1.3 mW.
In the process of measuring the power loss of the MPPT converter, the input current is established from the voltage across two series connected 1-Ω resistors with 1% tolerance. The converter input voltage is 2.281 V and the input current is 0.286 A. Under this input power of 652 mW, it can be validated that the converter has achieved an efficiency of 96.2% ± 0.2%.
V. CONCLUSIONS
Fundamental calorimetry method provides an alternative approach in measuring the power loss in the efficient power electronic converters and rotating machines. This paper studies an improved calorimetry method with a much better precision. The experimental setup of the improved method is discussed in detail. Finally, the method is demonstrated for a 650-mW MPPT hardware and establishes a power loss of 24 mW ± 1.3 mW. To obtain a similar level of accuracy by direct measurements of the input and the output powers, each would need to be determined with an error of ±0.65 mW or ±0.1% of the rated power of the MPPT converter. This level of experimental accuracy allows meaningful comparisons of the power loss changes due to design variations in a range of the MPPT converters. The proposed method can be also applied to the power loss measurement of other efficient low-power converters and obtain accurate results. 
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